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ANALYSIS OF CARBON DIOXIDE REFORMING OF METHANE
VIA THERMODYNAMIC EQUILIBRIUM APPROACH
TUNG CHUN YAW1 & NOR AISHAH SAIDINA AMIN2*
Abstract. Water formation through reverse water gas shift and several other side reactions in
carbon dioxide reforming of methane (CORM) have became one of the major process hurdles
that limits maximum hydrogen and syngas (H2-CO mixture) yields. Therefore, it is vital that the
study on CORM thermodynamic equilibrium takes into consideration the formation of water in
the CORM reaction network. Due to the complexity of the reaction network, Lagrange’s
undetermined multiplier was employed in the present work and its applicability had been proven
throughout this study. The equilibrium compositions improved drastically from 600-1000K, but
the temperature effect becomes insignificant above 1000K. Furthermore, CO/H2 ratio close to
unity can be achieved at lower CO2 /CH4 feed ratios but equal CO2 /CH4 feed ratios is required to
obtain higher H2 and CO yields at temperature 1000K and above. These findings are in strong
agreement with laboratory experimental results reported in literature.
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Abstrak. Pembentukan air melalui reverse water gas shift serta tindakbalas-tindakbalas sampingan
lain dalam proses pembentukan semula metana menggunakan karbon dioksida (CORM) menjadi
salah satu masalah utama yang menghadkan penghasilan maksima hidrogen and singas (campuran
H2-CO). Dengan ini, kajian ke atas keseimbangan termodinamik CORM seharusnya mengambil
kira kesan pembentukan air dalam rangkaian tindakbalas CORM. Disebabkan oleh rangkaian
tindakbalas CORM yang kompleks, kaedah Lagrange’s undetermined multiplier digunakan dalam
kajian ini dan keberkesanannya telah dibuktikan. Prestasi equilibria CORM dipertingkatkan
daripada 600K kepada 1000K tetapi kesan suhu menjadi tidak bermakna pada suhu melebihi
1000K. Nisbah CO/H2 menghampiri satu boleh dicapai dengan nisbah suapan CO2 /CH4 yang
rendah tetapi nisbah suapan CO2 /CH4 yang sama diperlukan untuk memperoleh penghasilan H2
dan CO yang tinggi pada suhu 1000K ke atas. Keputusan ini disokong oleh keputusan eksperimen
seperti yang dilaporkan dalam literatur.
Kata kunci: Karbon dioksida, metana, singas, pembentukan air, Lagrange’s undetermined multiplier
1.0 INTRODUCTION
Reforming of methane to syngas (a mixture of hydrogen and carbon monoxide) not
only utilizes the cheapest and most abundant carbonaceous material (also well-known
as major greenhouse contributor), but also produces high market value products
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which are important intermediates for the production of many other chemicals such
as methanol and liquid hydrocarbons from Fischer-Trospch syntheses [1-6]. In short,
the process has high market potential and also environmentally benign.
Generally, there are three alternative processes for methane reforming to syngas
that have attracted industrial interests and have been studied extensively (Equations
1-3). Steam reforming of methane (SRM) has been the dominant commercial method
employed to produce syngas, but the process has the following limitations [7, 8]: (a)
very high energy consumption, (b) poor selectivity to CO and (c) a high H2 /CO
product ratio unsuitable for methanol and Fischer-Tropsch syntheses.
CORM: CH4 + CO2 R 2H2 + 2CO ∆H°298K = 247 kJ/mol H2/CO = 1 (1)
POM: CH4 + ½O2 R 2H2 + CO ∆H°298K = –35.9 kJ/mol H2/CO = 2 (2)
SRM: CH4 + H2O R 3H2 + CO ∆H°298K = 206 kJ/mol H2/CO = 3 (3)
In recent years, many researchers have attempted to convert methane to syngas via
the catalytic partial oxidation of methane (POM). Although the reaction is mildly
exothermic, a small decrease in the CO selectivity due to the total combustion of
methane (Equation 4), which is a highly exothermic reaction, lead to a significant
increase in the reaction temperature.
CH4 + 2O2 R CO2 + 2H2O ∆H°298K = –802 kJ/mol (4)
In addition, a high methane conversion coupled with a high space velocity produces
a large amount of heat in a small region of the catalyst. As it is very difficult to
remove heat particularly from a large scale reactor, this process is difficult to control.
Carbon dioxide reforming of methane has attracted substantial interests over the
past decades for both economic and environmental reasons as the process helps to
eliminate greenhouse gases while producing syngas. Unlike SRM and POM, the
CORM process is attractive for certain industries as it produces syngas with lower
H2 /CO ratio that is a preferable feedstock for Fischer-Tropsch synthesis. Furthermore,
both methane and carbon dioxide are among the cheapest and most abundant
carbon-containing reactants. Therefore, the CORM reaction is currently one of the
important topics in catalytic research for methane utilization.
However, the process has several shortcomings. Dry reforming reaction is
intensively endothermic, consumes a large amount of energy and prone to coking
[9, 10]. Thus, these problems must first be overcomed before the process can be
commercialized. Besides the reforming of methane to produce syngas (Equation 1),
reverse water gas shift (Equation 5) and several series-parallel side reactions (Equations
6-10), have indirectly led to lower products yield and concurrently, produced water
as undesirable by-product [10-13]:
CO2 + H2 R CO + H2O ∆H°298K = 41 kJ/mol (5)
CH4 + 2CO2 R 3CO + H2 + H2O ∆H°298K = 288 kJ/mol (6)
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CH4 + 3CO2 R 4CO + 2H2O ∆H°298K = 329 kJ/mol (7)
CO2 + 4H2 R CH4 + 2H2O ∆H°298K = 165 kJ/mol (8)
CH4 + H2O R CO + 3H2 ∆H°298K = 206 kJ/mol (9)
CH4 + 2H2O R CO2 + 4H2 ∆H°298K = 165 kJ/mol (10)
Considerable research efforts have been devoted towards improvements of the
syngas production processes. These include the development of active and selective
catalysts [14, 15], optimization of operating conditions [16, 17] and studies on reaction
kinetics [18-20]. Several processes involving thermodynamic analysis have been
reported. These include ethanol steam reforming [21], autothermal reforming
processes [22, 23] and steam-methanol reforming process [24]. However, there are
comparably very few studies on process simulation and thermodynamic equilibrium
analysis for CORM.
The objective of this paper is to conduct a thermodynamic equilibrium analysis
on the syngas production from CORM process. Due to the complexity of the multi-
reaction network for CORM process, the Gibbs free energy minimization method
using Lagrange’s undetermined multiplier was chosen for this study. The effect of
reactant feed ratios and operating temperatures in CORM process on equilibrium
compositions at atmospheric conditions have been studied. Finally, the conditions
(temperature and CO2/CH4 ratio) for the reaction system to maximize hydrogen
production and/or CO to H2 ratio unity were determined.
2.0 THERMODYNAMIC ANALYSIS
In general, there are two methods to express chemical equilibrium compositions.
The first approach is based on reaction coordinate determination from equilibrium
constant calculations, known as the multi-reaction thermodynamic equilibrium (MTE)
method. Another approach is based on the minimization of Gibbs free energy using
Lagrange’s undetermined multiplier (LUM). According to Smith et al. [25], there
are two distinctive features of the equilibrium state of a process for given a T and P:
(a) The total Gibbs energy, Gt is a minimum; and (b) its differential is zero. For this
study, the pressure is set at 1 atm (standard state of the pure ideal gas state) and the
Gibbs energy for every component is as given in Table 1 [26].
In these calculations, it is vital to identify the stable reactants and products in the
reaction system. For the CORM system, CO2, CO, CH4, H2, and H2O were identified
as the stable species. In order to prove the applicability of LUM method in the
CORM process equilibrium analysis, MTE and LUM methods were compared using
the average deviation percentage. Furthermore, LUM method was used to analyze
the effect of reactant feeds ratios and temperatures on the process to determine the
suitable conditions for maximum hydrogen production or CO/H2 unity.
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2.1 Multi-Reaction Thermodynamic Equilibrium
The general chemical reaction is written as
1 1 2 2 3 3 4 4A A A Aυ υ υ υ+ + → + +" " (11)
where iυ  are stoichiometric coefficients and Ai are chemical formulas. The υi are
assigned positive for products and negative for reactants. For any reactions, the
changes in the numbers of moles of the species present are in direct proportion to
the stoichiometric numbers. Applying this principle to a differential amount of reaction
with all terms being equal, they can be identified collectively with a single quantity
representing an amount of reaction. Thus, a definition of dε  is provided by Equation
(12) [25]:
1 2 3 4
1 2 3 4
dn dn dn dn
dε
υ υ υ υ
= = = = ≡" (12)
The general relation between a differential change dni in the number of moles of
a reacting species and dε  is shown by Equation (13). The new variable, ε  called the
equilibrium reaction coordinate, characterizes the extent to which a reaction has
taken place.
dni = υidε (i = 1,2, ...,N) (13)
When a number of reactions proceed simultaneously, the number of moles of a
species may change such that Equation (13) becomes Equation (14). Subscript j is
the reaction index which denotes a specific reaction coordinate εj.
( )1 2i i , j j
j
dn d i , , ,Nυ ε= =∑ … (14)
The number of moles for each species, the total number of moles for the system
and the mole fractions are calculated using Equations (15)-(17).
Table 1 Thermodynamic properties [26]
Components
Standard Gibbs Free Energy, G°f (J/mol)
600K 700K 800K 900K 1000K 1100K 1200K 1300K
CH4 –22690 –12476 –1993 8677 19475 30358 41294 52258
CO2 –395152 –395367 –395558 –395724 –395865 –395984 –396081 –396159
CO –164480 –173513 –182494 –191417 –200281 –209084 –217829 –226518
H2 0 0 0 0 0 0 0 0
H2O –214008 –208814 –203501 –198091 –192603 –187052 –181450 –175807
O2 0 0 0 0 0 0 0 0
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Smith et al. [25] defined equilibrium constant as a function of temperature and
standard Gibbs energy change of reaction, oi i
i
Gυ∑ .
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≡
∑
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For multi-reaction system involving ideal gas state, the separate equilibrium constant,
Kj is represented by Equation (19):
( )
jv
iv ,k
i j
i
P
y K
P
− 
=   ° ∏ (19)
MTE prediction was performed by calculating the equilibrium reaction coordinate,
ε from equilibrium constant, Kj for each reaction by solving Equations (17) – (19)
simultaneously. In this study, the MTE method was used to calculate the equilibrium
performance of four sets of reaction combinations in the CORM process.
Set 1: Combination of Equation (1) and Equation (5)
Set 2: Combination of Equation (1) and Equations (5) and (6)
Set 3: Combination of Equation (1) and Equations (5) and (7)
Set 4: Combination of Equation (1) and Equations (5) – (8)
2.2 Lagrange’s Undetermined Multiplier
The first step of the method is to formulate the material balances. Although reacting
molecular species are not conserved in a closed system, the total number of atoms
for each element is constant. The material balance for each element k is shown by
Equation (20) where Ak is the total number of atomic masses for the kth element in
the system, aik is the number of atoms for the kth element present in each molecule
of chemical species i and w is the total number of elements compromising the system.
( )0 1 2i ik k
i
n a A k , , ,w− = =∑ … (20)
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Next, Lagrange multipliers λk, was introduced for each element by multiplying
each element balance by its λk. The summation of these equations formed Equation
(21).
( ) ( )0 1 2k i ik k
k i
n a A k , , ,wλ − = =∑ ∑ … (21)
Then, a new function F as the summation of Equation (21) with Gt was formed.
This new function is identical with Gt, because the summation term is zero. However,
the partial derivatives of F and Gt with respect to ni are different, because the function
F incorporates the constraints of the material balances.
( )t k i ik k
k i
F G n a A= + λ −∑ ∑ (22)
The minimum values for both F and Gt occur when the partial derivatives of F
with respect to ni are zero, as shown in Equation (23). Since the first term on the right
of Equation (23) is the definition of the chemical potential, µi (Equation (24)),
substitution of Equation (24) into Equation (23) will form Equation (25).
0
t
k ik
i i kT ,P ,nj T ,P ,nj
F G
a
n n
 ∂ ∂ 
= + λ =  ∂ ∂    ∑ (23)
t
i
i T ,P ,nj
G
n
µ
 ∂
= ∂  (24)
( )0 1 2i k ik
k
a i , , ,Nµ + λ = =∑ … (25)
However, for gas-phase reactions and standard states as the pure ideal gases at P0
(1 bar or 1 atm), the chemical potential is also given by Equation (26) where R refers
to gas constant and T, the operating temperature. Combination of Equations (25)
and (26) finally yields Equation (27). Equation (28) represents the sum of mole
fraction for each species.
( )0 0ln /i fi iG RT y P Pµ = ∆ + (26)
( ) ( )0 0ln / 0 1 2fi i k ik
k
G RT y P P a i , , ,N∆ + + λ = =∑ … (27)
1i
i
y =∑ (28)
Since there were five species and three elements (C, H, and O) in the system, a
total of nine equations needed to be solved simultaneously to calculate the nine
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unknowns in the system (mole fraction of five species, Lagrange’s multiplier of three
elements and one total number of mole). The equilibrium number of moles for each
species is calculated by multiplying yi with n.
2.3 Applicability of LUM Method
The applicability of LUM methods in CORM equilibrium studies was based on the
average deviation percentage between MTE and LUM methods using Equation
(29). In this case, the equilibrium compositions using both MTE and LUM methods
were calculated at eight temperatures (600-1300K of 100K interval). Thus, the term
of deviation percentage between MTE and LUM data was divided by 8.
1300
600
LUM MTE
100
LUM
Average Deviation Percentage (ADP)
8
K
i i
ii K
%
=
−  ×  
=
∑
(29)
2.4 CORM Process Equilibrium Analysis
In the present investigation, we studied two of the most important variables for the
process; CO2 /CH4 feed ratio and reaction temperature. The four CO2/CH4 ratio
sets in the study are 1/4, 1/2, 3/4 and 1 at the reaction temperature range from 600K
to 1300K.
3.0 RESULTS AND DISCUSSION
3.1 Effect of Water Formation
Figure 1 shows the equilibrium conversion of CORM reaction within the temperature
range of 600-1300K for a CO2/CH4 feed ratio of 1/1 at atmospheric pressure. This
calculation was based on the assumption that only reforming reaction occurs without
any side reactions. The calculated result was used simply for the comparison to
experimental laboratory results [27]. As of the equivalent reaction stoichiometric,
the CH4 and CO2 conversions should be equal and the H2 /CO ratio should be unity
at all temperatures. However, the results on CORM process with equivalent
CH4 /CO2 feed ratio for most catalysts and temperatures have discrepancies with
that of Figure 1. Reports have claimed that CO2 conversion was higher than that of
CH4, the CO yield was greater than that of H2 yield, and H2/CO ratio was below
unity [7, 28-31]. These results revealed that unfavorable reverse water gas shift
(RWGS) side reaction has strong influence on the performance of the CORM reaction.
Since RWGS reaction (Equation (6)) is inevitable, this side reaction should be included
in calculating the chemical equilibrium compositions of the CORM reaction.
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Figure 2 illustrates the equilibrium conversions and product yields calculated for
the reforming process as a function of temperature using a CH4 /CO2 feed ratio of
1/1. This calculation was based on the assumption that RWGS reaction occurs as the
only side reaction together with CORM. It can be seen that the occurrence of RWGS
side reaction has a significant effect on both reactant conversions and product yields.
At temperatures below 1000K, the CO2 conversion and CO yield are greater than
the CH4 conversion and H2 yield. Formation of water from RWGS is more
pronounced at temperatures 1000K and below as shown in Figure 2 (b). As expected,
when temperatures are greater than 1000K, the effect of RWGS is suppressed due to
its low endothermic nature.
Compared to Figure 1, the presence of water formation at temperatures below
1000K gave a much more pronounced effect on the reforming process. The results
indicated that equilibrium calculations for CORM process should consider the RWGS
as a major side reaction to give more accurate situation of the reforming process.
The results also suggested that effective application of CORM requires operating
temperatures greater than 1000K to achieve higher conversions and desirable products
yield and at the same time, avoid undesirable RWGS side reactions. Hence, all the
reactions involved need to be taken into consideration in order to give a more
precise overview of the equilibrium process.
Figure 1 Equilibrium reactant conversions for pure CORM reaction using MTE method
100
80
60
40
20
0
600 700 800 900 1000 1100 1200 1300
Temperature (K)
C
o
n
v
e
rs
io
n
 (
%
)
JTDIS43F[03]new.pmd 02/15/2007, 20:1838
ANALYSIS OF CARBON DIOXIDE REFORMING OF METHANE 39
3.2 Comparison Between MTE and LUM Method
The change in Gibbs free energy and equilibrium constant for individual reactions
were calculated using MTE method and were tabulated in Table 2 and used in
(b)
Figure 2 Thermodynamic equilibrium (a) conversions and (b) products yield for CORM + RWGS
reactions using MTE method
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calculating the equilibrium compositions of the CORM process for the four sets of
reactions. Table 3 compares the calculated average deviation percentage for reactant
conversions, product yields and H2/CO ratio for all temperatures between the MTE
and LUM methods. As shown in Table 3, the average deviation percentages for all
parameters reduce to lower than 1% (except for OH2Y with the APD slightly higher
than 1%) as more reactions are considered. As expected, when more reactions were
included in the equilibrium calculation for multi-reaction process using MTE method,
the results obtained tended to approach that using LUM method. Thus, the LUM
method has been proven to be an effective method in predicting the thermodynamic
equilibrium compositions for multi-reactions network processes including reforming
of methane using carbon dioxide process. Therefore, the LUM method was chosen
to analyze the equilibrium compositions of the CORM process.
3.3 Effects of Temperature
The thermodynamic equilibrium compositions of CORM process using LUM method
as a function of temperatures is shown in Figure 3. As predicted, the trends are
found to differ significantly from Figures 1 and 2. However, Figure 3 illustrates that
CO2 conversion and CO yield are higher than methane conversion and hydrogen
yield. The result in Figure 3 indicates that the reactions involving water formations
have pronounced influence on the overall process and is inevitable for the chemical
equilibrium calculations.
As illustrated in Figure 3, considerable amount of water was formed at the
temperature range from 700K to 1100K and reached maximum at 900K beyond
which the water yield decreased and the water formation was suppressed at higher
temperatures. The trend implies that water formations occurred to a greater extent
at lower temperatures and consequently resulted in the decrease of H2 yield. The
profile in Figure 3 also indicates that temperatures higher than 900K can suppress
Table 3 Comparison between MTE with LUM
Parameter                   Average deviation (%)
Set 1 Set 2 Set 3 Set 4
XCH4 9.34 0.28 0.40 0.22
XCO4 16.84 0.49 0.16 0.11
YH2 17.83 0.69 0.32 0.51
YCO 28.67 0.49 0.13 0.03
YH2O 122.07 2.31 1.59 1.46
H2 /CO Ratio 24.17 0.24 0.04 0.42
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the noteworthy effect of water formation on the final products yields. However, the
drastic reduction of water formation from 900-1300K indicated that water gas shift
(Equation (24)) replaces RWGS.
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Figure 3 Thermodynamic equilibrium (a) conversions and (b) product yields as a function of
temperature using LUM method
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CO + H2O R CO2 + H2 (24)
The CO2 reforming process is an intensively endothermic reaction. Considering
the temperature effect shown in Figure 3, the process is strongly dependent on
temperatures, and at temperatures below 600K, the CORM is totally extinct. The
results on the effect of temperatures on methane conversion are consistent with
earlier studies [14, 17]. Wang and Lu [14] claimed that methane conversion increased
from 14% and reached a maximum of 95.8% for all catalysts tested when the
temperature was increased from 500°C (∼800K) to 800°C (∼1100K). Furthermore,
O’Connor and Ross (1998) have reported that methane conversion increased from
13.9% to 74.9% within the temperature range of 550°C to 800°C.
As can be seen in Figure 3, the CORM process is significant within the temperature
range of 600-1300K. When the temperature is below 600K or higher than 1300K, the
temperature effect on CORM is almost negligible. Thermodynamic calculations
also suggested that the conversions and desirable product yields only achieved 80%
when the temperature reached 1000K. This is supported by high reactant conversions
and product yields reported in the literature where the process is tested over the
suggested temperatures [7, 30-32].
3.4 Effect of CO2/CH4 Feed Ratios
Figure 4 demonstrates the influences of CO2 /CH4 feed ratios (1/4, 1/2, 3/4 and 1) for
the CORM process on conversions, product yields and H2 /CO ratios as a function
of temperatures. The results are in strong agreement with the reports from Li et al.
[10] and Edwards and Maitra [33]. By increasing the CO2 /CH4 ratio from 1/4 to 1/1,
the carbon dioxide conversion decreased but the methane conversion increased.
Figure 4 also reveals that at temperatures higher than 1000K, the CO2 /CH4 feed
ratios exert noteworthy effect on methane conversion whereas only slight variation
is observed on that of carbon dioxide. In contrast, when temperatures are below
1000K, the result is reversed. Furthermore, the conversion of carbon dioxide is
always higher than that of methane within the feed ratios range due to carbon
dioxide being the limiting reactant when the CO2 /CH4 feed ratio is equal or less
than unity.
Figure 5 clearly shows that increasing the CO2/CH4 feed ratio induces higher H2
and CO yields when the CO2 /CH4 feed ratio increases from 1/4 to 1/1 at 1300K, the
H2 and CO yields increased correspondingly from ∼20% and ∼40%, respectively to a
maximum of ∼100%. The products yield show the same trend with methane conversion
was significantly affected by the feed ratios when temperatures are over 1000K. H2
and CO yield depends strongly on the CH4 /CO2 ratio in the feed when temperatures
are above 1000K. Both product yields increase proportionally with increasing carbon
dioxide concentration in the feed. Accordingly, CO2 /CH4 feed ratio close to unity is
required to achieve higher products yield.
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Although Figures 5 (a) and 5(b) reveal that higher CO2 /CH4 feed ratio is needed
for better CO and H2 yields, the same trend is also observed for water yield. As
shown in Figure 6, water yields increase from a maximum of ∼1% to a maximum of
∼6.5% when feed ratios increase from 0.25 to 1. The temperature of maximum water
yield also was found to shift from 800K to 900K. As shown in Figure 6, the higher
the CO2 /CH4 feed ratio, the higher the temperature for maximum water formation.
The results provides information on suitable temperatures at certain feed ratio to
avoid maximum water formation.
(b)
Figure 4 Comparison of methane and carbon dioxide conversions as a function of temperature
with different CO2 /CH4 ratios using LUM method
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Figure 7 reveals that the H2 /CO ratio in the products reduces with CO2 /CH4 ratio
at temperatures below 1000K and the ratio of H2 /CO is close to unity when temperatures
are higher than 1000K. The H2 /CO ratios proceed towards unity as CO2 in the feed is
reduced, indicating that the H2 consumption resulting from RWGS reaction is
suppressed due to the unavailability of CO2. The results reveal that it is important to
control the H2 /CO ratio in the syngas by adjusting the CO2 /CH4 ratio in the feed and
the feed operating temperature. For example, the H2 /CO of about 0.56 is a desirable
feed for the synthesis of long chain hydrocarbons [10]. As expected, when the CO2 /
CH4 ratio is small, the H2 /CO ratio will be close to unity at lower temperatures.
(b)
Figure 5 Comparison of hydrogen and carbon monoxide yields as a function of temperature with
different CO2 /CH4 ratios using LUM method
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Figure 6 Comparison of water yields as a function of temperature with different CO2/CH4 ratios
using LUM method
Figure 7 Comparison of H2/CO ratios as a function of temperature with different CO2/CH4 ratios
using LUM method
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4.0 CONCLUSION
The results on CORM have shown that water formation through RWGS and other
side reactions is unavoidable. Thereof, the process thermodynamic equilibrium
analysis should take into consideration water formation instead of only H2 and CO
as the products. Due to the complexity of the reactions network involved in the
process, Lagrange’s undetermined multiplier is also proven to be applicable to the
study of CORM at equilibrium.
The results indicated that CORM equilibrium compositions improved drastically
from 600-1000K but the temperature effect becomes insignificant above 1000K.
Therefore, the minimum temperature requirement for this process is 1000K. Besides,
water formation exerts noteworthy effect within 700-1100K and this caused the
hydrogen yield to reduce and the syngas ratio to be less than unity. Furthermore,
lower CO2 /CH4 feed ratio is favorable to produce syngas ratio of unity as well as
reduce water formation at the expense of H2 and CO yields. In contrast, greater H2
and CO yields are achievable with CO2 /CH4 feed ratio above 1. In short,
thermodynamic equilibrium analysis showed that by manipulating CO2 /CH4 feed
ratio and temperature, the maximum hydrogen yield or CO to H2 product ratio
unity could be achieved.
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